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Introduction
Perovskite-type materials based on the composition SrFe Co O have been shown to exhibit both fast y 1yy x oxide ionic conductivity and good electronic conductivity w1-3x. This makes them suitable candidates for applications such as solid oxide fuel cell cathodes, oxygen membranes and sensor materials. For sensor applications, the materials should be in either the thin or thick film state. It has been demonstrated that thin films of these types of materials may be grown by pulsed laser deposition (PLD) w4-10x. Depending on the deposition conditions, PLD can yield both dense and porous films with metal stoichiometry equal to that of the target material.
In a previous study it was shown that SrFe Co O y 1yy x *Corresponding author. Fax: q1-613-991-2384.
thin films grown by PLD onto sapphire substrates exhibit promising gas sensor functionality w4x. The cubic perovskite (CP)-brownmillerite (BM) phase transition for some of these films was attributed to enhanced gas sensitivity. The conditions of temperature and gas composition at which this phase transition occurs could be controlled by choosing the appropriate degree of iron and cobalt substitution in the SrFe Co O structure. It y 1yy x was also shown that some of these films exhibited a degree of temperature independence for the resistance response, while maintaining good gas sensitivity. This material property is important when trying to minimize the influence of unstable temperatures on the performance of a gas-sensing device. The present study focuses on the preparation and characterization of these films, and their thermochemical stability under reducing and oxidizing environments.
Experimental

Target preparation
Pellets of different SrFe Co O compositions (ys y 1yy x 0, 0.25, 0.5, 0.75, 0.9 and 1.0) were prepared by conventional ceramic preparation techniques. SrCO , 3 Fe O and Co O powders ( 99.99% pure on a metal 2 3 3 4 basis) were mixed and ground together in the required quantities, followed by heat treatment at 1100 8C under either an argon or oxygen atmosphere. The samples were ground up again and the resulting black or brown powders were characterized by XRD. At this point, if the product was not single phase as evidenced by XRD, the product was further heated in oxygen, ground up and again examined by XRD. Once the single-phase product was obtained in the powdered form, the powder was pelletized and sintered at 1150 8C in oxygen. After XRD analysis confirmed the pellet to be single phase, the pellet could be used as the target material for the deposition of SrFe Co O films by pulsed laser y 1yy x deposition.
Film deposition
Preparation of 250-350-nm thin films of composition SrFe Co O (ys0, 0.25, 0.5, 0.75, 0.9 and 1.0) was y 1yy x carried out by PLD using a Lambda Physik LPX305i, ls248 nm KrF excimer laser at an energy of 600 mJy pulse (fluence 1.5 Jycm ) and a frequency of 8 Hz. The 2 substrate was (1102) single-crystal sapphire mounted onto an alumina heater allowing for deposition temperatures up to 800 8C. The films were deposited for 20 min under a background oxygen pressure of 100 mtorr, followed by cooling at approximately 10 8Cymin in a background oxygen pressure of 400 torr. XRD analysis was performed on all PLD targets, both before and after deposition, in order to confirm that decomposition of the target material did not occur as a consequence of repeated laser exposure. Thickness determination was performed using a Dektak IIA stylus profiler after shadow-masking portions of the films.
Thermochemical treatments
The thermochemical stability of the films was tested under two separate environments, designed to simulate the operation of these materials as thin-film gas sensors under both thermochemical reducing and oxidizing environments. The films were exposed to either flowing oxygen or to a 2% H yargon gas mixture (O 1 ppm; 
SEM analysis
SEM analysis of the films was performed on a JEOL JSM 5300 instrument using a 20-kV electron beam. Additional high-resolution FEG-SEM images were performed on selected films using a Hitachi S-4700 instrument.
RBSyPIXE analysis
Rutherford backscattering (RBS) experiments were performed on SrFe Co O films in a Tandetron system y 1yy x using He alpha particles accelerated to 2.0 MeV using a van der Graaf accelerator. The detector angle was 1658, the target angle was 78 and a solid angle of 10.205 msr was used for all measurements with total acquisitions of 1-2 mC. RBS simulations to estimate film stoichiometry were performed using the QUARK software program w11x. The RBS spectra for Co and Fe could not be resolved with RBS, but were instead determined by proton-induced X-ray emission (PIXE) analysis using protons accelerated to 1.5 MeV for a total acquisition of 2.0 mC.
ICP-AES analysis
Additional elemental analysis of the films was performed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using a Perkin Elmer Optima 3000 RV. The films were first completely dissolved in excess nitric acid before analysis and the resulting solutions analyzed using calibrated solutions for the following spectral lines: Sr, 421.522 nm; Fe, 259.940 nm; and Co, 230.786 nm.
XPS analysis
X-Ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis instrument using monochromated AlK radiation (1486.6 eV) using an acceptance a angle of 88, with the angle between the X-ray source and the detector being fixed at 658. All samples were exposed to ambient atmosphere both before and after transfer to the spectrometer. An initial survey scan was taken to identify all elements present near the surface of the film. This was followed by a 15-30-s Ar sputter etch to pre-clean the surface, a second survey scan, and finally high-resolution spectra of the following XPS peaks: C 1s, O 1s, Sr 3d, Co 2p and Fe 2p. All peaks were referenced with respect to the amorphous carbon C 1s peak at binding energy of 285.0 eV. Atomic stoichiometries were calculated based on the integrated peak intensities of the high-resolution spectra after adjusting for differences in relative sensitivity factors, estimated from the Kratos software.
2.9. In situ high-temperature XRD studies X-Ray diffraction measurements were made at 500 8C under air and nitrogen in an Anton-Parr HTK1200 furnace. The furnace was mounted on a CuK Bruker aD 8 diffractometer equipped for parallel-beam geometry with primary and secondary double Gobel mirrors w12x. The mirrors are very effective at removing CuK radib ation, so there is no interference from sapphire K b reflections. The parallel-beam geometry renders the system insensitive to sample displacement errors in both sample mounting and due to thermal expansion. The system was calibrated for peak position using the NIST SRM 660a LaB standard. The films were heated to 500 6 8C at a rate of 6 8Cymin and in ultra-high-purity (UHP) N (wO x 1 ppm; wHO x 3 ppm), and allowed to 2 2 2 equilibrate overnight. Once data collection was complete, the gas was switched to air, and the scan repeated once the film was left to equilibrate for approximately 1 h. UHP nitrogen was used rather than argon due to its weaker X-ray scattering. Lattice parameters were obtained from a full pattern using the Pawley method w13x with the TOPAS software package w14x. Peaks were fitted with a pseudo-Voigt profile function, together with a correction for axial divergence.
Results and discussion
Film deposition and characterization
A series of films was deposited by PLD from six different target compositions ( Table 1) . The X-ray diffraction patterns of the SrFe Co O targets were measy 1yy x ured both before and after laser deposition in order to confirm that decomposition of the bulk target material did not take place due to repeated laser pulses. It has previously been demonstrated that target decomposition during the course of the deposition process can lead to the formation of non-stoichiometric films w9x.
For all target materials employed, very little target decomposition was observed by XRD. Fig. 1 dral and related to the 2H-hexagonal perovskite-type phase w19x. Despite some changes in bulk oxygen composition as evidenced by XRD, caused by the exposure to repeated laser ablation pulses, all the targets remained stoichiometric in terms of the SryM ratio (MsCo, Fe). Under the deposition conditions employed, preferentially oriented polycrystalline films were obtained with thickness of between 250 and 350 nm. Stylus profiling also showed that the film thickness could vary through the 1-2-cm surface of the film by as much as 10-2 20%. The as-deposited films appeared shiny black or dark brown. SEM analysis of the films showed varying morphology, from cracks to various degrees of graininess (Table 1) The bulk stoichiometry of the films was independently evaluated by both RBS-PIXE and ICP-AES and values were consistent to within 10% of the expected metal stoichiometry ( Table 1 ). The oxygen stoichiometry of the films could not be determined using these techniques. The RBS and PIXE spectra for a SrFe Co O film are shown in Fig. 3 . Cobalt and iron 0.5 0.5 x could not be discriminated using RBS alone, so for films containing both Co and Fe, PIXE spectra were obtained. Some of the films showed evidence of variations in metal stoichiometry with film depth. This variation could be modeled with the QUARK software using either two or three layers with different SryM stoichiometry. The compositions shown in Table 1 are the overall stoichiometry as determined over the entire thickness of the films.
For the SrFe Co O film ( Fig. 3a) , the simulation 0.5 0.5 x was modeled using two SrFe Co O layers with dify 1yy x fering stoichiometry. The layer closest to the surface was 63 nm thick with SryMs0.78, while the second was 290 nm thick with SryMs0.95. The reasons for the inhomogeneity in some of these films is not fully understood, but may be related to the formation of a surface segregated phase at the perovskite interface w20-22x.
Deconvolution and integration of the Fe and Co K a and K X-ray peaks shown in the PIXE spectra in Fig.   b 3b, followed by adjusting for the relative sensitivity factors, yielded a CoyFe ratio of 1.1 compared to an expected value of 1.0. Comparison of the bulk film stoichiometry obtained from RBSyPIXE and ICP-AES shows that the values are consistent to within 10%, with most films showing a slight CoqFe enrichment with respect to Sr. It was estimated that the accuracy of the data obtained by both these techniques is 10%, so this apparent CoqFe enrichment may not be significant.
Thermochemical stability of films
The stability of the SrFe Co O films at temperay 1yy x tures typical for gas sensor operation (500 8C) were investigated in both oxidizing (100% O ) and reducing 2 (2% H in argon) environments (Section 2.3. All films 2 exposed to oxygen at 500 8C remained black or blackbrown, whereas some of the films exposed to 2% H in 2 argon turned yellow or yellow-brown. This change in color has previously been reported for SrFeO films and Table 1) . The XRD patterns for the films also showed pronounced changes after the two different thermochemical intense peak at 2Qs11.28 after the thermochemical reducing step (Fig. 6c) The SrFeO film also showed a weak reflection at 2Qs
x 11.28. These peaks are attributed to the (020) reflection of the larger brownmillerite structure w16,25x.
For the SrFe Co O film, a less intense peak at 0.5 0.5 x 2Qs11.58 was observed after the thermochemical oxidation treatment (Fig. 6b ). This indicates that perovskite-type supercells may form, even after thermochemical oxidizing treatments, and matches the observation that very weak reflections at ds14.31, 7.7 and 5. (Fig. 8) , one at 529.5 eV and the other at a higher binding energy between 531 and 532 eV. The higher-energy O 1s peak for perovskite surfaces is attributed to surface-bound oxygen species, possibly oxygen weakly bound on the surface, surface hydroxyls, or to a surface metal-O bond, while the lower-energy peak is attributed to lattice oxygen w6,31-38x. Moreover, the higher-binding-energy peaks were much more sensitive to Ar etching treatment than the q lower-energy peak, thus supporting this assignment. The Sr 3d XPS region (Fig. 9) shows a doublet, 3d
and 3d , at 133 and 135 eV, respectively. 5y2 3 y2
These assignments are consistent with the chemical shifts reported for other similar Sr-containing perovskites w32-34,36x. Although no curve fitting was performed, these doublets are likely comprised of more than one contribution, assigned to Sr present in the bulk and at surface sites as SrO and SrCO w32x.
3 Both the Fe 2p and Co 2p spectral regions show at least one set of doublets between 700 and 735, and 770 and 810 eV, respectively. These showed small spectral changes after different thermochemical treatments, but were difficult to interpret due to the closeness of peaks associated with different oxidation states of iron and cobalt, and the presence of satellite shake-up lines associated with the paramagnetic Fe(III) and Co(III) states w39x.
The thermochemical reducing treatment of SrCoO ,
x in contrast to the other films, caused surface changes resulting in notably different XPS spectra (Fig. 8c, Fig.  9c, Fig. 10b ). It is proposed that prolonged exposure to the reducing gas mixture of 2% H in argon at 500 8C etch was used to pre-clean the surface prior to chemical analysis by XPS.
CO reacted with SrO to form SrCO , which was 2 3 identified by XPS. Evidence for this is also supported by the XPS O 1s, Sr 3d and C 1s spectral regions. For the SrCoO film,
x an intense higher-binding-energy O 1s peak is observed at 531.7 eV (Fig. 8c) after the thermochemical reducing treatment. This chemical shift is consistent with that expected for a carbonate oxygen w32,39x. The intensity of the lower-energy 529.5-eV peak is much smaller than for the film treated under oxidizing conditions, indicating that the dominant surface oxygen species is no longer the lattice oxygen associated with the perovskite phase. The Sr 3d doublet (Fig. 9c ) also showed a shift to higher binding energy with the Sr 3d peak located 5y2 at 133.6 eV, which approaches the 133.2-eV value reported for SrCO w39x. Furthermore, a high-energy C 3 1s XPS peak at 290 eV (Fig. 10) also matches the 289.5-eV peak reported for SrCO w39x. A 30-s Ar q 3 surface etch causes the amorphous carbon peak at 285.0 eV, which is associated with carbonaceous surface contamination, to decrease in intensity. In contrast, the intensity of the carbonate peak at 290 eV is almost unaffected. The surface CO XPS peak assignments plotted, a number of trends are apparent (Fig. 11) . First of all, the surface of all films appear to be enriched in strontium, compared to their bulk stoichiometry ( Table  1) . This may be the result of the formation of a surface segregated phase, which has been described elsewhere for the perovskite interface w20-22,31,33,38,40,41x. However, it is noted that calibrated reference samples were not used for the determination of the surface stoichiometry of these films by XPS. The strontium enrichment of the surface contrasts with the surface metal enrichment observed for the as-deposited SrFe Co O film by RBS (Section 3.1). This is 0.5 0.5 x probably a consequence of the post-deposition thermochemical treatments, which may change the relative metal concentrations at the surface w20-22, 31,33,38,40,41x. The Co and Fe stoichiometry changes as expected across the SrFe Co O series of films except for the y 1yy x SrCoO film after thermochemical reduction (Fig. 11b ).
x This film showed much lower than expected Co content, resulting from the formation of a strontium-enriched carbonate phase at the surface. Moreover, the carbon content for this film was anomalously high, consistent with the presence of such a carbonate phase. FEG-SEM images of the SrCoO films after oxidizing x and reducing thermochemical treatments show marked changes in the morphology of the films (Fig. 12) . The SrCoO film exposed to oxygen gas at 500 8C showed x a polycrystalline film with grain size dimensions ranging between 20 and 150 nm. After the thermochemical reducing treatment, substantial grain growth occurred, with large grains between 250 and 500 nm appearing. Smaller grains 100 nm were found between and under these larger grains. The two different grain types suggest that film decomposition has occurred, with two separate phases being present.
In situ XRD study of films
The chemical sensitivity of the SrFe Co O films y 1yy x is due in large part to the reversible physical and structural changes that occur at elevated temperatures ( 250 8C) when the films are exposed to different gas mixtures w4x. Accordingly, the structural changes in the SrFe Co O series of films upon changing gas comy 1yy x position from air to nitrogen were examined in situ at 500 8C by XRD. The temperature of 500 8C was selected as a typical operation temperature for this sensor material.
All films except SrCoO showed evidence of unit cell x expansion upon changing from air to nitrogen exposure (Fig. 13 , Table 2 ). This effect was most pronounced for the SrFe Co O and SrFe Co O films and could 0.75 0.25 x 0.5 0.5 x best be observed by examining the changes in the (110) and (200) cubic or slightly distorted tetragonal perovskite peaks near 2Qs328 and 468, respectively. The shift towards lower 2Q angles for these peaks and the appearance of additional peaks, some of which were as low as 2Qs11.28, were all consistent with the transformation in structure from a cubic perovskite to brownmillerite with ordered oxygen vacancies w4,5,24,27x.
In contrast, changing from air to nitrogen exposure caused slight shifts of the XRD peaks towards higher 2Q angles for the SrCoO film. This is consistent with x the decrease in lattice parameters observed for this film after the more severe thermochemical reducing treatment (Section 3.2).
The lattice parameters for the films exposed to the two gas mixtures ( SrFe Co O . The TP phase was observed for the films 0.5 0.5 x exposed to air, whereas the BM phase was observed for the films exposed to nitrogen. The TP phase, which is a distortion of the higher-symmetry CP phase, was found to provide better XRD refinements compared to the CP phase, although the film is probably an equilibrium mixture of both the CP and TP phases. The TP phase has previously been shown to exist in equilibrium with the CP phase for the bulk SrFeO system at temperatures
x is necessary to extrapolate the temperature to 500 8C, since the phase diagram is only given from 550 to 900 8C. When this was carried out, the two-phase region was estimated to occur in the range 2.49 x 2.63 and corresponds to an oxygen partial pressure slightly less than 0.2 atm. The presence of these perovskite-brownmillerite two-phase regions has been shown to be associated with enhanced oxygen gas sensitivity w4,23x. in air at 500 8C should favor the brownmillerite structure. As a result, no phase change was detected. Likewise, the SrCoO film was indexed to an orthorhombic x unit cell for both gas exposures with no phase transitions occurring. Films that exhibited TP™BM phase transformations also showed larger changes in the normalized unit cell volume wunit cell volume per Sr(Fe,Co)O formula unitx. 
Conclusions
Non-stoichiometric SrFe Co O films of different y 1yy x composition can be prepared by pulsed laser deposition on sapphire substrates. The as-deposited polycrystalline films were indexed to either the cubic perovskite (SrFe Co O ; ys1.0, 0.9, 0.75, 0.5 and 0.25) or y 1yy x hexagonal (SrCoO ) phases, and were all found to x exhibit some degree of preferential orientation. Elemental analyses by both RBSyPIXE and ICP-AES were consistent and indicated a slight (CoqFe) enrichment for some of the films. Thermochemical treatments at 500 8C in both oxidizing (100% O ) and reducing (2% H in Ar) gas mixtures 2 2 showed all the films except SrCoO were stable under x these conditions, despite undergoing significant reversible structural changes resulting from the changing oxygen stoichiometry in the films. Surface decomposition of the SrCoO film to form a Sr-enriched carbonate x layer was confirmed by XPS and SEM analysis. In situ XRD measurements under conditions expected for sensor operation, performed on the films at 500 8C, confirmed that reversible structural changes occurred in the SrFe Co O series of films upon changing gas y 1yy x composition from air to nitrogen. This structural variability is important, since it forms the basis for bulk oxygen chemical sensors exhibiting high sensitivity.
